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Summary
Introduction: The treatment of limb length discrepancies by distraction osteogenesis repre-
sents a signiﬁcant challenge of predicting the load-bearing capacity. Today, in vivo stiffness
measurements by applying compressive, bending or torsional stress on the callus tissue are
quantitative methods. Therefore, it is relevant to know how regenerating bone tissue regains
its various stiffness characteristics. Knowledge of the development of each type of stiffness is
important in order to prevent an over- or underestimation of the actual patients’ load-bearing
capacity.
Hypothesis: Various types of stiffness are supposed to evolve similar during consolidation.
Materials and methods: In this ex vivo study, an analysis of torsional, compressive and bending
stiffness of callus tissue during consolidation was performed on 26 sheep tibiae after distraction
osteogenesis.
Results: This study indicates differences within the quantity of stiffnesses during consolidation.
Discussion: Thus, in vivo stiffness measurements have to be interpreted carefully in order to
prevent false estimation of the load-bearing capacity of new bone.
© 2010 Elsevier Masson SAS. All rights reserved.∗ Corresponding author. Tel.: +49 511 5354527;
fax: +49 511 5354682.
E-mail address: Thilo.Floerkemeier@ddh-groupe.de
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istraction osteogenesis is a successful treatment for cor-
ecting limb length discrepancies and for reconstruction of
one defects. During this treatment, the surgeon faces the
hallenge of predicting the load-bearing capacity of the cal-
us tissue. Information about the healing process is necessary
o adjust patients load-bearing capacity as well as the time
or removal of the external ﬁxator. Currently, X-ray follow-
served.
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ps and manual clinical examination are commonly used to
stimate the status of regenerative callus tissue in clinical
aily routine. However, both methods have been proven to
e inappropriate [1—3]. To address this shortcoming, the
easurement of bone stiffness was proposed to support the
rthopaedic surgeon with this task of predicting the load-
earing capacity. With stiffness measurements authors try
o use a proven correlation between stiffness and strength.
or in vivo stiffness measurements only minimal, reversible
eformation of the callus tissue in either torsion, bending
r axial compression occurs. In previous ex vivo studies, a
igniﬁcant correlation between compressive, torsional and
ending stiffness in anteroposterior and mediolateral orien-
ation and the load-bearing capacity was proven [4]. Thus,
ll mentioned types of stiffness seem to be good predicting
arameters of the load-bearing capacity. Various principles
f in vivo stiffness measurements were published in earlier
tudies: torsional stiffness [5—6], bending stiffness [7—11])
nd compressive stiffness [8]. Richardson and Dwyer [9,11]
evealed by empirical studies a safe point for removal of
he external ﬁxator as soon as the regenerating bone has
certain value of bending stiffness. Cunningham et al. [8]
etermined a mechanical end-point as well for compres-
ive stiffness. These results showed a safe removal of the
xternal ﬁxator as soon as the regenerated bone recov-
rs a certain fraction of the stiffness-characteristics of
he contralateral, intact tibiae [12]. However, up to today
o study exists investigating possible difference in types
f stiffness during consolidation. During motion bony sub-
tance is loaded by a combination of torsional, compressive
nd bending stress. It is not distinctive whether all types
f stiffness represent the true stiffness appropriately. It
s important to know whether bone tissue regains similar
mounts of the various types of stiffness during consolida-
ion or whether these amounts differ. According to this, in
ivo measurements have to be judged appropriately to pre-
ict the load-bearing capacity and to avoid a possible over-
r underestimation of the actual strength of new callus tis-
ue.
In this study, a comparison of the regained amount of
orsional, compressive and bending stiffness of the callus
issue during consolidation was conducted. Furthermore, an
pproximation of the development of torsional, compressive
nd bending stiffness in relation to the load-bearing capacity
uring consolidation was determined. The setup of this study
oes not admit information about the evolution of stiff-
ess over time. However, the samples represent different
evels of the load-bearing capacities and thus characterize
ifferent states of bone healing. Thus, this study presents
nformation about the interpretation of in vivo stiffness
easurements for predicting the load-bearing capacity of
egenerated bone. By now no data were previously available
omparing various kinds of stiffness during callus distraction
nd bone healing.
ypothesisuring consolidation of callus tissue after fracture or cal-
us distraction, the callus tissue regenerates continuously.
hus, it can be hypothesized that different type of stiffness
egenerate similarly during consolidation.
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ethods
iaphyseal osteotomies were performed on 26 right tib-
ae of mature, female domestic sheep ranging between 2
nd 4 years of age. The experiments were conducted in
ccordance with the approval of the German federal animal
elfare legislation.
As the ﬁrst step of operative procedure, the tibiae
ere stabilized using an Ilizarov external half-ring ﬁxator
ounted by six bicortical half-pins to the tibia. This frame
onsisted of three rings and one custom-made device for
orsional in vivo stiffness measurement connected by three
ods as described previously [5,6]. As the second part of the
urgery, a mid-diaphyseal osteotomy was performed using
n oscillating saw, followed by the control of complete tran-
ection. After surgery, the sheep were allowed unrestricted
otion and loading. Following a 4-day latency period, the
ibiae were lengthened at a rate of 1.25mm per day in two
ncrements (0.75mm and 0.5mm) for 20 days. On the 74th
ay, the sheep were sacriﬁced and both tibiae were disartic-
lated at the knee, harvested and labelled. This timing was
valuated before in a pilot study. After 74 days of consoli-
ation, 50—70% of the characteristics of intact tibiae were
egained by the distracted limb. After the external ﬁxa-
or, half-pins and soft tissue were removed. The ends of
he tibiae were embedded in PMMA (Technovit® 4004, Her-
eus Kulzer, Wehrheim, Germany) and frozen at −20 ◦C until
ested. Before embedding, the distraction gap was marked
recisely using X-ray examination. The callus tissue bridging
he distraction gap was located by its higher X-ray trans-
arency and inhomogeneous bony structure. Furthermore,
pecimens were reproducibly embedded over a standard-
zed length close to the distraction gap in an alignment jig
n order to assure proper alignment and to avoid artifacts
ue to gripping or grasping of specimens. The contralateral,
on-distracted tibiae served as reference for biomechani-
al testing and represented intact physiologic tibiae. As a
esult of a parallel study, callus tissue was treated with
ifferent combinations of growth factors and carrier mate-
ials, resulting in four treatment groups plus the additional
ontralateral control group.
Before biomechanical testing, the frozen tibiae were
hawed at room temperature and kept moist using gauze
oaked in 0.9% NaCl solution during the entire test period.
he embedded specimens were mounted in specially con-
tructed jigs for compressive, 4-point-bending, or torsional
esting in a Material Testing System (MTS [Model 858, MTS
orp., Minneapolis, USA]). The order of stiffness testing
as randomised and measurements were performed on each
pecimen by using compressive, bending (anteroposterior
nd mediolateral) and torsional load. The resulting defor-
ation was detected by custom-made compression, torsion
Fig. 1) and deﬂection (Fig. 2) sensors (LVTD and precision
otentiometer). For each stiffness testing-procedure, a pre-
onditioning of 10 cycles was conducted before the actual
esting in order to assure repeatability. The callus tissue
ithin the specimens was loaded during the different types
f testing up to 15Nm for torsional, to 750N for compres-
ive and to 6.5Nm for bending load. During testing, load
nd deformation were simultaneously recorded in order to
etermine stiffness, which is deﬁned as the slope of the
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Figure 1 Photograph of the special custom-made jig for
torsional testing including the specially constructed rotation
sensor.
Figure 2 Illustration of the custom-made jig for bending test-
ing including the specially constructed deﬂection sensor.
Figure 3 Diagram for determination of stiffness (sheep
no. 820 — bending stiffness ap).
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5igure 4 Comparison of regained stiffness characteristics of
istracted tibiae at the 74th postoperative day in relation to
ntact tibiae.
oad—deformation curve (Fig. 3). In a ﬁnal experiment, the
pecimens were loaded in torsion until failure to determine
he load-bearing capacity. Detailed information about the
iomechanical testing was described previously [4].
tatistics
tiffness was calculated by regression of linear (nondestruc-
ive) part of the load—displacement curves using Origin 4.0
Microcal Software Inc., MA, USA) (Fig. 3).
The mean values of each kind of stiffness for all dis-
racted tibia specimens in percentage of the mean value
f the intact tibiae were assessed. Thus, it is possible to
ompare the percentage of each kind of stiffness, which all
pecimens in mean regained during the consolidation period
t the 74th postoperative day. An analysis using the paired
tudent’s t-test was conducted.
Furthermore, the load-bearing capacity (abscissa) and
he different types of stiffness measurements (ordinate)
ere plotted in a diagram. A linear function describing the
elation between these parameters was computed using a
inear regression analysis. For each measured parameter
n analysis of variance (ANOVA) was performed with SPSS-
oftware (SPSS, SPSS Inc., Chicago, USA). The regression line
escribes an approximation of the relation between each
ype of stiffness and the load-bearing capacity. In order to
ompare these approximations of the evolution of each type
f stiffness in relation to the load-bearing capacity, the char-
cteristics of each specimen were indicated as a percentage
f the mean value of the intact contralateral tibiae.
esultshe distracted tibiae regained on average 36.37% of the
ompressive stiffness, 39.72% of the torsional stiffness,
6.15% of the bending stiffness in anteroposterior orien-
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Table 1 Description of the function of linear regression (f =b * x + a) for each type of stiffness including coefﬁcient of determi-
nation (r2) and p-value for each linear regression.
Stiffness Regression coefﬁcient b Point of intersection with the ordinate a r2 p-value (by ANOVA)
Torsional stiffness 1.06 −16.9 0.77 < 0.0001
Bending stiffness ap 1.10 −2.75 0.70 < 0.0001
Bending stiffness ml 1.19 −4.28 0.66 < 0.0001
Compressive stiffness 0.96 −15.0 0.60 < 0.0001
F eroposterior and mediolateral orientation and compressive stiffness.
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The regression coefﬁcient ‘‘a’’ representing the slope
of the linear regression was greatest for bending stiffness
in mediolateral orientation compared to the ones for the
other types of stiffness (Table 1, Fig. 5 a—d and Fig. 6).
The point of intersection with the ordinate ‘‘b’’ also varies
for the various linear regressions. The point of intersection
was lower for torsional and compressive stiffness than for
bending stiffness.igure 5 a—d: evaluation of torsional, bending stiffness in ant
ation and 59.33% of the bending stiffness in mediolateral
rientation in relation to the mean value of intact, con-
ralateral tibiae characteristics 74 days postoperatively
Fig. 4). According to the paired student’s t-test, signiﬁcant
ifferences were determined between compressive stiffness
nd bending stiffness in anteroposterior and mediolateral
rientation as well as between torsional stiffness and bend-
ng stiffness in both orientations.
Furthermore, there is a great variance in maximum tor-
ional moment achieved by the specimens. Thus, variable
tages of bone healing had been achieved at the time of
arvesting of the specimens (i.e., after 74 days). Samples
hich failed at a low amount of stress compared to the one
f intact bones were postulated to be at an early stage of
he healing process. Samples that failed at a greater amount
f stress similar to the intact samples were postulated to be
t the end of the healing process. In order to compare the
pproximation of the evolution of each kind of stiffness, the
unction of linear regression for each type of stiffness was
nalysed. Thereby, the approximation of the evolution of
ach type of stiffness shall be illustrated in relation to the
oad-bearing capacity assessed by the maximum torsional
oment. The function of linear regression for each type
f stiffness is described as f = a * x +b, whereas ‘‘a’’ is the
egression coefﬁcient expressing the slope of the function
nd ‘‘b’’ is a constant expressing the intersection with the
rdinate (y-axis).
Figure 6 Comparison of the evolution of the different kinds
of stiffness.
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Discussion
In this study, a comparison of the regained amount of vari-
ous types of stiffness after callus distraction was conducted.
Furthermore, approximations of the developments of tor-
sional, compressive and bending stiffness of callus tissue
during consolidation according to the load-bearing capacity
were determined. To our knowledge, the results facilitate
novel insights into the utility of stiffness measurements
since no data about stiffness comparison during bone healing
were previously available.
The data of the present study shows that 74 days postop-
erative, the callus tissue regained signiﬁcantly more bending
than torsional or compressive stiffness (Fig. 4). In relation
to the characteristics of intact tibiae, there is a difference
of up to 23% within the regained amount of stiffness after 74
days of distraction depending of the type of stiffness. There
seems to be a strong rationale that an estimation of the load-
bearing from in vivo bending stiffness measurement might
lead to relative overestimation, while torsional and com-
pressive stiffness tend to an underestimation of load-bearing
capability during early phase of healing.
The evolution of stiffness over time is described in
several earlier studies. These studies showed during time
progression an increase of stiffness and thus of stability
of regenerated bone after fracture healing [13]. However,
the way stiffness increases is considered controversial.
Some authors revealed that stiffness rises exponentially
up to healing [11—14], while others found a signiﬁcant
logarithmic increase between week 3 and week 7 after
fracture healing [10]. Both studies analysed bending stiff-
ness development. Furthermore, previous studies disclosed
that fracture strength recovers more slowly than stiffness
[15—17]. An experimental study analyzing biomechanical
behavior of bone showed that radii regained bending stiff-
ness faster than bending strength [15]. Hiltunen et al.
analysed the evolution of strength and stiffness over time
by determining strength and bending stiffness of fractured
mouse tibiae harvested at different times after surgery. In
this study, stiffness values increased more rapidly than ulti-
mate failure loads [17]. Another study using tibial osteotomy
on rabbits also indicated that bone stiffness recovers faster
than bone strength [16]. Whereas, a study on fractures of
canine tibiae showed that maximum torque and torsional
stiffness increased between 2 and 8 weeks, before leveling
off at values of 44 and 29% of values for intact tibiae after
12 weeks [18].
However, to our knowledge, no study exists comparing
the evolution of various types of stiffness. Although studies
exist determining different types of stiffness, no study com-
pares the evolution of stiffness or the regained amount of
stiffness except for one study [19]. Wade et al. stated that
stiffness in two orthogonal planes may differ widely with a
maximum difference in two orthogonal planes of 9.0Nm/◦
and a mean difference of 4.1Nm/◦ [19]. Thus, this study
supports the results of the current study showing a differ-
ence in quantity of various stiffness characteristics of bone
callus harvested after 74 postoperative days in relation to
the mean value of intact tibiae.
The strength of this study is that, to our knowledge, it
is the ﬁrst study comparing the regained characteristics of159
allus tissue in the form of torsional, bending (anteropos-
erior and mediolateral) and compressive stiffness. Thus, in
rder to adjust the information regained by in vivo stiff-
ess measurement for the determination of the time for the
emoval of the external ﬁxator appropriately, it is neces-
ary to know how various kinds of stiffness develop. This
tudy was performed ex vivo in order to avoid inﬂuence by
oft-tissue.
As a limitation of this study, all specimens were gained at
he same point of time, so that no analysis of the evolution
f various kinds of stiffness over time is possible. For the
urrent study, it was assumed that the load-bearing capac-
ty is a parameter characterising the status of healing. Thus,
nly an approximation in relation to the load-bearing capac-
ty was determined. In the future, an in vivo analysis of the
evelopment of the various kinds of stiffness would be help-
ul to support the results of the current study. Furthermore,
he load-bearing capacity was determined only by torsion.
owever, it was necessary to choose one type of load out of
he three possibilities because of the amount of specimens.
This study demonstrates that different stiffness prop-
rties develop differently during healing after distraction
steogenesis. It provides information about the evolution
f different types of stiffness in relation to the maximum
orsional moment as an indicator for healing at various
tages of healing. Regenerated bone regained a signiﬁcant
reater amount of anteroposterior andmediolateral bending
ompared to compressive and torsional stiffness. As a con-
equence, stiffness measurements for the prediction of the
oad-bearing capacity have to be judged accordingly: bend-
ng stiffness tends to overestimates the loading capacity,
hile compressive and torsional stiffness tends to underes-
imate the loading capacity.
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